Abstract. Close-coupling calculations of positron scattering from atomic sodium are performed from threshold to 100 eV. The alkali atom is represented by a frozen-core model based upon the Hartree-Fock approximation. The close-coupling calculations are performed in a model containing multiple sodium (3s, 3p, 4s, 3d, 4p) and positronium states (1s, 2s, 2p, 3s, 3p, 3d ). Subsidiary calculations with three and ten positronium states were performed at selected energies to test the convergence of the positronium formation cross section. The predicted total cross sections agree with the experimental data of Kwan et al but there are differences with the data of Kauppila et al. The net positronium formation cross section underestimates the experimental data of Zhou et al.
Introduction
In recent years, there has been an upsurge of interest in theoretical studies of positron-atom scattering. First of all, the availability of powerful workstations for relatively modest costs has meant that calculations that could not have been contemplated a decade ago can now be performed without too much difficulty. Second, procedures have been developed to compute the previously intractable rearrangement matrix element connecting the positronatom channels with the positronium channels. These improvements have resulted in recent calculations that have covered almost all aspects of the positron-hydrogen system (Igarashi and Toshima 1994 , Kernoghan et al 1995 , 1996b , Mitroy 1995a , b, 1996 , Mitroy and Stelbovics 1994 , Ratnavelu et al 1996 , Kuang and Gien 1997 .
The object of this paper is to use the momentum space T -matrix method to investigate the positron-sodium system. Since the target atom is an alkali atom with a single valence electron located outside a tightly bound closed-shell core, the target can be treated as a system containing one valence electron. Thus, only minimal modifications were needed to adapt procedures used for positron-hydrogen scattering (Mitroy 1993) to the treatment of positron-alkali atom systems (Mitroy and Ratnavelu 1994) .
Some experimental information is available for the positron-sodium system. The Detroit group have measured total and positronium cross sections for sodium (Kwan et al 1991 and other alkali atoms (Stein et al 1996) .
There have been a number of calculations performed on the positron-sodium system. First, Ward et al (1988 Ward et al ( , 1989a and Sarkar et al (1988) performed close-coupling calculations using only atomic states and therefore excluded the possibility of positronium formation. The effect of positronium formation has been included by means of an optical potential (McCarthy et al 1993) within the framework of the close-coupling optical model (McCarthy and Stelbovics 1981) . Calculations of positronium formation within the framework of first-order perturbation theories , Nahar and Wadehra 1987 have been reported. The first close-coupling calculation for positron-sodium scattering was performed with only one atomic and one positronium channel (Abdel-Raouf 1988) and was not expected to give realistic cross sections. It is only recently that realistic close-coupling calculations explicitly including the Ps channels have been performed (Hewitt et al 1993 , Mitroy and Ratnavelu 1994 , McAlinden et al 1994 . A general review of aspects of positron-atom collision physics can be found in Bransden and Noble (1994) .
The present work represents an extension of a previous calculation on the positronsodium system (Mitroy and Ratnavelu 1994) . The original calculation was carried out at half a dozen energies and the channel space was restricted to only five atomic and three positronium states. In the present work, the channel space was enlarged and calculations were performed at about 80 energies between threshold and 100 eV.
Details of close-coupling equations
We give a brief recapitulation of the derivation of the equations used to describe the system as a more detailed derivation has been given elsewhere (Mitroy and Ratnavelu 1994) . The derivation of the close-coupling equations for positron-alkali atom scattering is more complicated than it is for positron-hydrogen atom scattering. In this work r 0 is the coordinate of the positron centred with respect to the nucleus. The set of N electron coordinates will be designated r i where i ∈ {1, . . . , N}. The distances between the electrons (or between the electrons and the positron) will be written as r ij , where r ij = |r i − r j |. It is also necessary to introduce relative ρ i , and centre-of-mass R i coordinates for the outgoing positronium species. These are defined as 
The Schrödinger equation can be written as (H e + H atom − E) (r i , r 0 ) = 0
where H e is the Hamiltonian operator containing the positron coordinate
H atom is the N-electron Hamiltonian of the target atom,
and E is the total energy of the (N + 1)-body system. Since positronium formation is being considered, an alternative partitioning of the Hamiltonian is possible, namely
where H ion (m) is the Hamiltonian of the residual ion with the mth electron removed
H Ps (m) is the interaction of the positronium atom containing the mth electron with the residual ion,
and H int (m) is the internal Hamiltonian for a positronium atom containing the mth electron,
The following conventions will be observed in this work. Bound states of the alkali atom will be designated , bound states of the positronium atom will be denoted by , and bound states of the residual ion will be denoted by . The individual orbital wavefunctions which constitute the alkali atom and residual ion quantum states will be designated by ψ and ω, respectively. The subscripts α and β will be used to distinguish between the manifolds of atomic and positronium states.
The i = 1 electron will be designated as the electron which is removed from the atom and attached to the positron when positronium is formed. Provided all wavefunctions are correctly antisymmetrized this can be done without any loss of generality. The subscript is dropped from the positronium coordinates ρ m and R m , and the notation r i will be used to designate that (r i ) is a function of all the electron coordinates with the exception of the i = 1 electron. The symbol A is used to represent antisymmetrization explicitly. The notation r i =m designates a function of all the electron coordinates except the i = m electron. The following simplifications were made when modelling the wavefunctions for the atomic target states and residual ion states.
(i) The wavefunctions for the atomic and residual ion states were derived from the frozen-core Hartree-Fock approximation. The atomic states are labelled by the orbital occupied by the valence electron.
(ii) Only the electron occupying the valence orbital will be removed from the atom when positronium is formed. Hence there will only be one possible residual ion state, that of the relatively inert closed-shell core.
The wavefunction is expanded in an eigenfunction expansion of continuum positron and positronium states which are coupled to atomic and ionic states, e.g.
It is possible, in principle, for the expansion to be overcomplete since the close-coupling expansion consists of a dual expansion over both atomic and positronium channels. This could cause numerical difficulties when trying to solve the discretized Lippmann-Schwinger equation Noble 1994, Stelbovics and Berge 1996) , but does not seem to pose any problems in practice. The bound atomic α (r i ), positronium β (ρ) and ionic (r i ) states are all stationary states satisfying
and
The Schrödinger equation now becomes
This can be transformed to
The last term is the exchange term that results from an exchange interaction between the mth electron in the residual ion and the electron in the positronium. This term would be very difficult to evaluate and has been omitted from the calculation. From now on, no explicit reference will be given to the ion core except where it is needed in the calculation of a matrix element.
The reduction of equations (14a) and (14b) into a set of momentum space LippmannSchwinger equations is straightforward and does not need to be repeated. The momentum space Lippmann-Schwinger equations for a positron with momentum k incident on an alkali atom in state α are
The generic term V is used to label the interaction between the different classes of channels. There are three different classes of V -matrix elements. There are the interactions between the different positron channels, namely
The interactions of the positron with the valence and core electrons can be treated separately. The core potential can be defined as
where the sum over γ runs over all the fully occupied orbitals in the core and therefore
There are two classes of interactions between the positronium and residual ion, a directtype interaction and an exchange-type interaction involving the positronium channels. As mentioned earlier, the exchange interaction has been omitted. The direct interaction is
The evaluation of this interaction in r-space requires a two-dimensional integration or a partial-wave expansion of (V core (r 0 ) − V core (r 1 )) and (1/r 0 − 1/r 1 ) into the ρ, R coordinate system. While the expansion of (1/r 0 − 1/r 1 ) into the ρ, R coordinates is easily done, the expansion of the core term is more problematical. However, evaluation of the core matrix element is easily done in a momentum-space representation. Finally, there are the rearrangement matrix elements
We make the approximation that H atom α (r i ) ≈ ( core + α ) α (r i ), where α is the singleparticle HF energy of the valence electron occupying the single-electron orbital ψ α (r 1 ). The core energy, core , is the expectation value of the core Hamiltonian with respect to the HF core orbitals and is defined by equation (12). With these definitions the interaction reduces to
In order to make a further reduction an additional approximation has to be made. It is possible to have a contribution to the matrix element in which an electron from the core undergoes an exchange interaction with the valence electron. This would lead to a contribution to the matrix element involving the momentum-space overlap with a core orbital. In order to expedite the calculation, these terms have been omitted and equation (21) eventually reduces to 
These different expressions are sometimes referred to as the post or prior forms of the matrix element. In the present context, where the interaction Hamiltonian is sandwiched between plane waves, it is irrelevant which form is adopted, since the two forms yield equivalent matrix elements. It is worth noting that the explicit value for the core energy, core , never enters into the calculation, since E in these equations is the full (N + 1)-body energy and therefore the core term is subtracted away. For purposes of practical computation, it is convenient to write these matrix elements in a form amenable to calculations in momentum space. The direct interaction for positron scattering, equation (18) becomes
where
The direct interaction for positronium proton scattering is
Since this matrix element is zero for even multipoles of the multipole expansion, the direct interaction of the positronium with the residual ion core can only connect states of different parity. The positronium formation matrix element is most conveniently written in terms of products of momentum-space wavefunctions which are defined as
With these definitions, the matrix element for Ps formation reduces to
The integrals in equations (28) involve a three-dimensional integration and were evaluated by using a slight modification of the method developed by Mitroy (1993) for positronhydrogen scattering. This method exploits the fact that the ψ α (k − q)φ * β ( 1 2 k − q) product is only a function of k and q, while the (V core (|q − k|) + 1/(2π 2 |q − k| 2 )) factor is only a function of k and q. Therefore, even though the entire integrand is a function of k, k and q, it can be factorized into two parts and partial-wave expansions of each of the parts can be done separately. The presence of the additional V core (|q − k|) term does not lead to any major modifications in the evaluation of the rearrangement matrix element. The present calculations were performed with a set of routines which compute the rearrangement matrix elements more efficiently than previous versions of the program. For example, a calculation using five sodium states and six positronium states, with a 48-point discretization of the kernel, with the positronium kernel included for all partial waves from J = 0 to J = 22, took a total of about 220 min on a DEC 3000/800S workstation.
Calculation details
The valence states of the sodium atom were computed in a fixed core model. The core interaction consisted of two components. There was the static-exchange interaction with the orbitals of the Na + frozen core. The Na + orbital wavefunctions were taken from a calculation of the 3s 2 S e ground state. A semi-empirical core polarization potential of the form (Norcross and Seaton 1976 )
was then added to the core Hamiltonian, and the 3s, 3p, 4s, 3d and 4p HF orbitals computed. The polarizability of the Na + core was taken to be 0.99 a 3 0 (Muller et al 1984) . The shortrange cut-off parameters in the l-dependent polarization potentials (ρ l = 1.439, 1.65 and 1.66 a 0 for l = 0, 1 and 2, respectively) were chosen by requiring the theoretical binding energies to match those of experiment. The details of the sodium wavefunctions were almost identical to those used in a previous calculation of electron-sodium scattering at low energy (Zhou et al 1990) . Since details of the wavefunctions have never been published before, the coefficients and exponents of the Slater-type orbital (STO),
representation of the wavefunctions are listed in table 1.
The following labelling convention is used in this work. The label CC(m, n) represents a close-coupling calculation in which m sodium states and n positronium states are explicitly coupled together. A number of different sets of close-coupling calculations have been performed. CC(5, 0). In this approximation the lowest five states of sodium, the Na(3s), Na(3p), Na(4s), Na(3d) and Na(5p) states are explicitly coupled. These calculations are similar to the calculations of Ward et al (1989a) and Sarkar et al (1988) . Mitroy and Ratnavelu (1994) also reported cross sections for this model. CC(5, 3) . This includes the lowest five states of sodium, Na(3s), Na(3p), Na(4s), Na(3d) and Na(4p), and the lowest three positronium states, Ps(1s), Ps(2s) and Ps(2p). This model has been used previously by Mitroy and Ratnavelu (1994) . Table 1 . Specification of the target wavefunctions for sodium. The single-particle orbitals are specified in terms of linear combinations of normalized Slater-type orbitals. The exponents for each STO are in the second column with the heading λ, and the coefficients for each orbital are in the columns labelled by the orbital. The first number under each orbital is the single-particle Koopman energy. The valence 3s, 4s, 3p, 4p and 3d orbitals were computed with polarization potentials added to the Na + core. CC (5, 6). This is the same as the CC(5, 3) basis but in addition contains the Ps(3s), Ps(3p) and Ps(3d) states. Calculations at about 80 energies between 0.01 and 100 eV were performed with this model. CC(5, 10). The Ps(4s), Ps(4p), Ps(4d) and Ps(4f) states were added to the CC(5, 6) basis set. Calculations with this model were only performed at a restricted set of energies.
We also compare our cross sections with the R-matrix calculations of McAlinden et al (1994) which were computed in a model including the Na(3s), Na(3p), Ps(1s), Ps(2s) and Ps(2p) levels. For reasons of notational consistency the R-matrix calculations will be referred to as the CC(2, 3) model.
One of the respects in which the sodium calculation was different from hydrogen was the replacement of the term 1/(2π
in the rearrangement kernel and the Ps-Ps interaction kernel. The respective sizes of these terms are shown in figure 1 . At large values of momentum transfer, the core potential dominates, being 10 times larger in the asymptotic region. At small momentum transfers, the divergence of the pure Coulomb form-factor at the origin makes it the larger term. The core potential was found to have a surprisingly small effect on the cross sections and a discussion of this is postponed to section 8. The numerical details of the calculation were as follows. At most energies up to 18 eV, an off-shell quadrature mesh of dimension 48-56 that was common to each channel was used to discretize the kernel. At higher energies, a different quadrature mesh was used for each channel. The different meshes were adjusted so that the density of grid points was highest in the vicinity of the on-shell momenta in that channel. The number of grid points was 60 at an incident positron energy of 50 eV. Calculations with a sequence of different meshes were done at a few selected energies to assess the numerical stability of the calculations. From these calculations, we would estimate that the elastic, resonant Na(3s) → Na(3p) excitation and ground-state positronium formation cross sections should, in most cases, be accurate to better than 2%. The cross sections for the weaker transitions should be accurate to within 10% with the possible exception of the energy region just above the excitation thresholds. The angular momentum cut-off point for the inclusion of the rearrangement kernel was dependent on energy. At energies of 1, 10 and 50 eV the rearrangement kernel was included explicitly for total angular momentum up to J = 15, 24 and 27, respectively. The small contributions to the positronium formation cross section (< 2%) coming from higher partial waves were included by extrapolating the partial wave assuming that the partial cross sections scale like a power series. The T -matrices used in the calculation of the cross sections correspond to full solutions of the CC equations for J 50 except for the highest energies (e.g. 50 eV), where the calculations were extended to J = 60. At the higher energies, the partial-wave sum for the inelastic transitions had to be completed using the extrapolation procedure described earlier.
Excitation of sodium
Cross sections for elastic scattering and excitation of sodium are given in table 2. We do not present the earlier cross sections of Mitroy and Ratnavelu (1994) since these cross sections were computed with a model which is almost identical to the present CC(5, 0) and CC(5, 3) models. The cross sections reported by Mitroy and Ratnavelu (1994) are therefore superseded by the present calculations. Comparison of the present CC(5, 0) cross section, with the cross sections of Ward et al (1989a) gives an estimate of the numerical accuracy of the present calculations. For most transitions, and at most energies, the two calculations agree to within 2%. This agreement is excellent given that details of the sodium wavefunctions are different for the two calculations. Ward et al (1989a) .
It is clear from the comparison of the CC(5, 0) and CC(5, 3) (and CC(5, 6) and CC(5, 10)) cross sections in table 2 that inclusion of the positronium channels has a major effect on the collision dynamics. In particular, all the cross sections decrease substantially when the positronium channels are included. At low energies, the size of the atomic cross sections can decrease by a factor of 2. It is also noticeable that most of the decrease in the atomic cross sections occurred when the three lowest positronium channels were added to the calculation. The differences between the CC(5, 0) and CC(5, 3) models are much larger than the differences between the CC(5, 6) and CC(5, 10) models. Mitroy and Ratnavelu (1994) commented that the suppression of excitation cross sections to the low-lying atomic levels by the positronium channels may be a universal feature of positron-alkali atom collisions. Similarly, the Belfast group (McAlinden et al 1994 , Kernoghan et al 1996b have commented that a calculation with purely atomic states might systematically overestimate the atomic excitation cross sections because the atomic channels are absorbing flux that would have otherwise been lost to the positronium channels.
The other salient feature of table 2 is the diminishing importance of the positronium formation channels at the higher energies. As the energy increases, the cross sections from the different models begin to merge and at 50 eV all the different models give cross sections which differ by less than 10%.
The cross section for elastic scattering is shown in figures 2 and 3. The differences between the CC(5, 6) and the CC(5, 0) models are most noticeable at lower energies. The CC(5, 6) cross sections achieve a maximum of 121.2 πa 2 0 at 0.5 eV. The CC(5, 0) cross section was 343 πa 2 0 at this energy and at lower energies the CC(5, 0) continued to increase while that of the CC(5, 6) decreased. The diminishing importance of the positronium formation process at higher energies is evident from figure 3 where the two sets of cross sections are seen to merge as the energy increases.
The prominent feature in the CC(5, 0) elastic cross section near 2 eV is a resonance that is similar to a feature previously been seen by Ward et al (1989) . That the CC(5, 6) cross section has no equivalent feature is hardly surprising since experience gained from atomic hydrogen (Mitroy and Stelbovics 1994) suggests that the inclusion of the positronium channels substantially alters the positions and widths of any resonances.
The cross section for the resonant 3s → 3p transition is shown in figure 4 . The CC(5, 6) and CC(5, 0) cross sections behave differently at low energies. The rise of the CC(5, 6) cross section is less rapid than that of the CC(5, 0) cross section, and the cross section maxima is smaller and occurs at a higher energy. The CC(5, 6) cross section has a shoulder near 10 eV. A similar shoulder was present for the 1s → 2p transition for positron-hydrogen scattering (Mitroy and Stelbovics 1994) . Once again, the CC(5, 6) and CC(5, 0) cross sections exhibit a tendency to merge at high energies.
Graphs of the excitation cross sections for the 4s, 3d and 4p levels are shown in figures 5-7. These cross sections exhibit some structures at low energies and show indications of a resonant structure in the 4s cross section at 3.9 eV. There is also a broad structure in the 4p cross section near 5.5 eV. One reason for the structure could be the presence of both physical and spurious resonances similar to those present for positron-hydrogen scattering (Mitroy and Stelbovics 1994) . The proper identification of these features is postponed until a detailed scan at low energies to identify and classify all resonances is undertaken. There are also some minor fluctuations present in the cross sections and some of these probably have a numerical origin. The parameters used to generate the integral equation grid change discontinuously (due to the need to keep off-shell quadrature points away from the on-shell momenta) between two adjacent energies. Therefore, the use of the two different grids can lead to jumps in the cross section of the order of 10% for some of the weaker transitions.
The shape of the cross sections shown in figure 5 are similar to that revealed in other calculations of positron-alkali atom scattering. The 3s → 4s cross section is certainly reminiscent of the K 4s → 5s, the Rb 5s → 6s and the Cs 6s → 7s transitions (Kernoghan et al 1996b , McAlinden et al 1996 with a peak between 5-10 eV, a minimum between 10-15 eV and a broad peak and slowly decreasing cross section at the higher energies. It is also possible to see similarities in the cross sections for the sodium 3s → 3d and 3s → 4p transitions with their analogues for potassium, rubidium and caesium (Kernoghan et al 1996b , McAlinden et al 1996 .
As was the case for elastic scattering and the 3s → 3p excitation, the CC(5, 6) and CC(5, 0) cross sections merge once the energy becomes sufficiently large. To be precise, the two calculations gave elastic and 3s → 3p cross sections that agreed to within 2% at 50 eV. While larger differences occur for the 4s, 3d and 4p transitions, the largest difference at 50 eV was only of the order of 10%. At 80 eV, differences between the two cross section sets are even smaller. Agreement for the elastic and 3s → 3p cross sections was better than 1%. For the weaker transitions the agreement was better than 3%. The present results indicate that Ps formation can be omitted in calculations of e + -sodium scattering provided the energy is larger than 80 eV. There is one important qualification that must be put on this statement. The influence that positronium formation from electrons occupying core orbitals (such as the 2p orbital) might have on these cross sections is unknown at present.
The agreement of the CC(5, 6) and CC(5, 10) cross sections was very good for most of the transitions at most of the energies. This would seem to indicate that the cross sections are converged with respect to the inclusion of any more physical positronium states into the CC expansion. Naturally, the stability of the cross sections with respect to the inclusion of continuum effects remains to be tested. Calculations indicate that the ionization cross section for lithium seems to have a peak value somewhere between 5-10 πa 2 0 (Acacia et al 1997 , McAlinden et al 1997 and the ionization cross section for sodium is expected to have a similar magnitude and energy dependence. The omission of the continuum can be expected to alter the cross sections, and in particular the weaker transitions could change by amounts of the order of 10-50% in the energy region close to the ionization threshold.
Positronium formation
Cross sections for positronium formation in the various positronium final states are given in table 3. Cross sections from Mitroy and Ratnavelu (1994) were omitted for the reasons stated in the previous section. Cross sections from the calculation of Hewitt et al (1993) are omitted for the reasons discussed in Mitroy and Ratnavelu (1994) . Cross sections computed in the first Born approximation or other first-order models are also omitted.
The most notable feature of table 3 is the manner in which the total positronium cross section splits into different components for the different models. Changing from the CC(5, 3) to the CC(5, 6) model resulted in the positronium formation cross section to the Ps(n = 2) level decreasing by a factor of 2. The Ps(n = 2) cross section experienced a further decrease of about 10% when going from the CC(5, 6) to the CC(5, 10) model. Similarly, the positronium formation cross section to the Ps(n = 3) level changes dramatically when going from the CC(5, 6) model to the CC(5, 10) model. The CC(5, 10) cross sections are unusual in one respect, the cross section to the Ps(n = 3) level is smaller than the cross section to the Ps(n = 4) level at 7, 10 and 20 eV.
The splitting of the cross section in this manner has implications about the application of the '1/n 3 rule'. Since the first Born cross sections are known to scale as 1/n 3 , recent positron scattering calculations (Kernoghan 1996b , McAlinden et al 1996 , Mitroy 1996 have estimated the positronium cross sections into levels omitted from the channel space by assuming the cross sections scale as 1/n 3 . The validity of this procedure is certainly called into question by the present results. The CC(5, 10) model is only 1.8 πa 2 0 larger than the CC(5, 3) cross section at 10 eV. Using 1/n 3 scaling would imply that the CC(5, 10) cross section should be 4.1 πa 2 0 larger than the CC(5, 3) cross section. In view of these results, no 1/n 3 extrapolations of the cross section have been performed.
At this stage specific mention must be made of the fact that the positronium cross section to the n = 4 level is greater than the cross section to the n = 3 level. This might be regarded as a surprising result. One possible explanation could arise from the fact that our CC expansion includes two distinct classes of channels. The positronium channels with the largest quantum numbers might be acting as a conduit for flux that would otherwise be destined for the positron-sodium ionization continuum. In order to validate such a hypothesis, it would be necessary to perform a calculation with about 30 sodium states (including an L 2 continuum) and 6-10 positronium states-a formidable proposition. There is some structure in the positronium formation cross sections at low energies. There is clearly a resonance just above 1.0 eV and another one near 2.5 eV. At incident energies between 0.5-5 eV, the cross section is larger than 30 πa 2 0 . This cross section is much larger than the equivalent cross section for positron-hydrogen scattering which has a peak value of about 3.5 πa 2 0 . Below 0.5 eV, the positronium cross section decreases until it is 23 πa 2 0 at 0.01 eV. Since this is a super-elastic transition, the J = 0 partial cross section can be expected to increase like E −1/2 as E → 0. However, at 0.01 eV the J = 0 partial Table 3 . Cross sections (in πa 2 0 ) for positronium formation in e + -Na scattering. Cross sections to the individual Ps(1s), Ps(2s) and Ps(2p) states are listed. In addition, the summed n = 2 (Ps(2s)+Ps(2p)), n = 3 (Ps(3s)+Ps(3p)+Ps(3d)) and n = 4 (Ps(4s)+Ps (4p) cross section was only 0.58 πa 2 0 . Therefore, the cross section can be expected to decrease further before starting to increase again as threshold is approached.
At higher energies, the positronium formation cross section decreases rapidly and at 50 and 80 eV, the net cross section for Ps formation in all states was only 0.09 and 0.022 πa 2 0 , respectively. The net Ps-formation cross section for positron-hydrogen scattering decreased less rapidly and is 0.55 πa 2 0 at 54.42 eV (Mitroy and Stelbovics 1994) . It is interesting that the Ps-formation cross section for sodium with a diffuse and loosely bound valence orbital rises more rapidly, achieves a larger peak value, and decays more quickly. This behaviour may be part of a general pattern, wherein the peak positronium cross section gets larger, but decreases more rapidly as the binding energy of the target state decreases. Comparison with the cross sections for potassium, rubidium and caesium which were computed using a similar close-coupling model (but with different methodology) (Kernoghan et al 1996a , McAlinden 1996 would tend to support this hypothesis. When making these statements it is realized that positronium formation from electrons occupying the closed-shell core could be important at high energies and this possible reaction has been omitted from our model.
The only available empirical data available for this reaction come from the Detroit group. report both an upper and lower estimate for this cross section. It can be seen from figure 8 that the net CC(5, 6) cross section does not lie within the bounds set by experiment even though there are large differences between their upper and lower estimates. This discrepancy is puzzling since the present calculations agree with the total cross section measurement of the Detroit group. Figure 8 . The net positronium formation cross section (in πa 2 0 ) for positron-hydrogen scattering from the CC(5, 6) model. The accumulations of the Ps cross section from the population of the n = 1, n = 1 + 2, and n = 1 + 2 + 3 levels are shown as separate full curves (--). The net positronium cross section (includes n = 1 + 2 + 3 + 4 levels) from the CC(5, 10) model (×) and the CC(2, 3) calculation ( ) of McAlinden et al (1994) are plotted at a discrete set of energies. The upper ( ) and lower ( ) estimates of the experimental positronium cross section of are shown.
Total cross section
The Detroit group have reported two different experiments giving total cross sections for sodium (Kwan et al 1991 . These are both attenuation experiments, and so cannot discriminate against elastic scattering in the forward direction. Consequently, the experimental data will underestimate the actual cross section by an amount equal to
Positrons undergoing elastic collisions up to an angle of α are assumed to be detected. At low energies, the large size of the elastic cross section in the forward direction will make σ T a considerable fraction of the total cross section. For a direct comparison between theory and experiment it is necessary to apply a correction to either the theoretical or experimental total cross sections. A correction to the experimental cross sections has been made by using the present CC(5, 6) differential cross sections to evaluate σ T for the cutoff angles listed in table 1 of Kwan et al (1991) . At energies of 2. 7, 7.7, 17.7, 27.7, 37.6, 48.3 and 57.9 eV, σ T was 19.9, 9.1, 3.8, 2 .6, 1.7, 1.4 and 1.2 πa 2 0 . The data of Kauppila et al (1994) were adjusted under the condition that the energy dependence of the cut-off angle was similar to that of Kwan et al (1991) . Kauppila et al report cross sections down to 1.0 eV and it is noted that at this energy σ T was estimated at 18.7 πa 2 0 . Only at the low energies below 10 eV does the correction make a difference of 10% or greater to the empirical cross section. Much larger corrections are obtained at low energies when the CC(5, 0) differential cross sections are used. For instance, the CC(5, 0) model predicts an elastic cross section of 71 πa 2 0 from 0
• → 21
• at an energy of 2.7 eV. Total cross sections from the present CC(5, 0) calculation, the present CC(5, 6) calculation and experiment (some of the data points of Kauppila et al (1994) are omitted to avoid giving the graph a cluttered appearance) are depicted in figure 9 . Comparison of the CC(5, 6) and CC(5, 0) cross sections show that inclusion of the positronium formation channels leads to a large decrease in the total cross section at lower energies. It is clear that the CC(5, 6) model provides a better fit to experiment. It is also worth noting that the CC(2, 3) cross sections of McAlinden et al (1994) are roughly the same size as the present cross section at most energies. The good agreement between the CC(5, 10) and CC(5, 6) models indicates that inclusion of additional physical positronium states into the CC expansion would probably have little impact upon the total cross section. However, this does not preclude continuum effects altering the cross section. At higher energies the difference between the CC(5, 6) and CC(5, 0) cross sections became smaller and the two curves merged above 50 eV. (1994) . The adjusted measurements of Kwan et al (1991) (• ) and Kauppila et al (1994) ( ) are shown. Absolute (total) error bars are used for Kwan et al (1991) , while only statistical error bars are shown for the Kauppila et al (1994) measurements.
The agreement between the CC(5, 6) cross section and the experimental data of Kwan et al (1991) is almost perfect, although the large size of the errors bars does not make this a stringent test. However, the agreement is not so good with Kauppila et al (1994) . Even though the data of Kauppila et al (1994) are plotted with statistical and not the absolute errors, the disagreement is significant since the CC(5, 6) cross section has a larger gradient than the experimental data.
The core potential
As shown in figure 1 , comparison of the momentum space core potential with the momentum space Coulomb potential revealed that the Coulomb potential was larger for momentum transfers smaller than 1.01 a −1 0 . The influence that this potential has on the calculation was exposed by performing a calculation in which the core potential was omitted.
To be specific, the core potential, V core (K), was omitted from all aspects of a CC(5, 3) model calculation at 10 eV. The cross sections for the Na(3s), Na(3p), Na(4s), Na(3d) and Na(4p) states were 19.2, 35.3, 0.508, 5.45 and 1.93 πa 2 0 , respectively. The cross sections for the Ps(1s), Ps(2s) and Ps(2p) states were 5.24, 2.91 and 7.17 πa 2 0 , respectively. The differences between a CC(5, 3) calculation with the complete interaction kernel and the no-core calculation are surprisingly small, 3% for the elastic and resonant transitions and 4% for the transition to the Ps(1s) state.
The question naturally arises, why is the overall effect so small? The answer lies in the repulsive nature of the positron-nucleus interaction. The repulsive Coulomb interaction keeps the positron away from the inner region of the atom and so the exact nature of the effective potential deep in the atomic interior exerts relatively little influence on the positron.
We also compared results with and without a core for individual partial waves. For J = 10, the largest relative difference was 1% and occurred for the Ps(2s) transition. With the core, the cross section was 0.1436 πa 2 0 and without it was 0.1423 πa 2 0 . At J = 15 the cross sections are generally identical to four significant figures apart from one or two transitions which are different by one in the fourth digit. The diminishing influence of the core as the angular momentum increased was not surprising. The centrifugal barrier keeps the positron from approaching the nucleus too closely and therefore collisions are often governed by events with small momentum transfer. These low momentum transfer collisions will, of course, be dominated by the potential for the bare proton.
The repulsive nature of the positron-core interaction provides justification for some of the simplifications made to expedite the calculations. Since this interaction seems to keep the positron from penetrating into the atomic interior, it is likely that exchange interactions between the electron in positronium and the electrons in the core will have little influence on reactions originating in the positron-sodium entrance channel. It is, of course, likely that core effects could be more important at higher energies where the positron is able to penetrate more deeply into the core. However, at these energies, the importance of exchange is diminished as positronium formation itself becomes less likely.
That the core potential exerts only a small influence on the cross section has relevance to the calculations performed by the Belfast group (Kernoghan et al 1996a , McAlinden 1996 . Because of the computational difficulties associated with the computation of the positroncore interaction in coordinate space (this difficulty is not present in momentum space), they replace the static direct potential (computed from HF wavefunctions) with an approximate potential based on screened exponential functions. The present results show that even the complete omission of the core does not have a large effect, and therefore the errors resulting from the approximation made by the Belfast group should not be excessively large.
Conclusions
A comprehensive set of cross sections showing the behaviour of the positron-sodium system from threshold to 100 eV has been presented. The alkali atom was treated as a singleelectron target to expedite the calculation of the rearrangement kernel. The exchange interaction between the electron in the positronium and the electrons in the residual ion was omitted when performing the calculations. Since it was found that inclusion of the core seems to be of only minor importance, it is unlikely that inclusion of a core-exchange interaction would have a significant impact on the results.
A universal feature of the system is the fact that the cross sections for excitation of atomic levels decreased when positronium formation was explicitly included in the model. The qualification to this statement is that the energy was sufficiently low for positronium formation to be important.
The predicted total cross sections agree reasonably well with the experimental data of Kwan et al (1991) . However, the agreement with the 1-10 eV data of Kauppila et al (1994) is not so good. There is also a discrepancy with the positronium formation cross section data of . In terms of improving the calculation, the main deficiency in our model was the omission of the continuum from the basis. However, it is difficult to see how the inclusion of the continuum could increase the positronium formation cross section by the amount needed to get agreement with experiment while simultaneously lowering the total cross section. Indeed, for the lithium atom, the inclusion of Ps pseudo-states, or an L 2 representation of the positron-atom continuum, was seen to decrease the Ps-formation cross section (McAlinden et al 1997) . It might be desirable to re-evaluate the experimental data for sodium.
At energies greater than 80 eV, the net positronium formation cross sections were smaller than 0.1 πa 2 0 and the agreement between the CC(5, 0) and CC(5, 6) cross sections for all atomic transitions was also excellent. Therefore, it should be possible to omit the positronium channels from the calculation provided the incident positron energy is large enough.
The main source of uncertainty in the present model is, of course, the omission of continuum effects. At low energies, the most efficient manner to incorporate continuum effects would be to add some atomic and positronium pseudo-states to the basis. At high energies, where flux loss via ionization is possible, the addition of an L 2 basis of pseudostates would represent the best way forward. While either of these calculations would definitely represent a major undertaking, they are certainly feasible with our present program and a high-end workstation.
